The presence of ATP in the genital tract fluid of mammals provokes questions regarding its function in the fertilization process. We investigated the effect of extracellular ATP (ATPe) on the activation of bovine spermatozoa. A signal transduction mechanism for ATP involving the receptor-mediated release of second messengers is described. Treatment of spermatozoa with ATP, uridine triphosphate (UTP), or 2-methylthio-ATP resulted in a concentration-dependent increase of acrosomal exocytosis, whereas treatment with either AMP or adenosine induced little exocytosis. This suggested that the receptor involved is of the P 2 and not the P 1 type. Several lines of evidence also suggest that the ATP purinoceptor is of the P 2y and not the P 2x type. First, the acrosome reaction was induced by the P 2y -agonists ATP, UTP, or 2-methylthio-ATP, but no effects were shown by the P 2x -agonists ␣,␤-methylene-ATP or ␤,␥-methylene-ATP. Second, ATP-induced acrosomal exocytosis was inhibited by the P 2y antagonists, but not by the P 2x antagonists. Third, enhanced Ca 2؉ uptake into the cells was observed with ATP and 2-methylthio-ATP, but not with ␤,␥-methylene-ATP. Additionally, ATP induced elevation of intracellular Ca 2؉ and cAMP, and the effect on cAMP was predominantly enhanced by including Ca 2؉ and the Ca 2؉ -ionophore A23187 in the incubation medium. Extracellular ATP also activates protein kinase C␣ (PKC␣), and the acrosome reaction, stimulated by ATPe, is inhibited by a PKC-specific inhibitor. In summary, we suggest that ATPe activates the P 2 purinoceptor that elevates [Ca 2؉ ] i , which leads to PKC␣ activation and culminates in acrosomal exocytosis.
INTRODUCTION
The sperm acrosome reaction (AR) is an exocytotic event that must occur before the spermatozoon penetrates the zona pellucida [1] . This exocytotic event is mandatory for fertilization, because it enables passage of the sperm through the zona pellucida and its subsequent fusion with the egg oolema. Many artificial stimuli are reported to trigger the AR, either by driving extracellular Ca 2ϩ into the sperm cell (Ca 2ϩ ionophores) or by acting on intracellular second messengers that are involved in the cascade leading to acrosomal exocytosis [2] . Several physiological AR activators usually are present in the female genital tract that act on specific receptors on the sperm surface. In the mouse, it is well established that one of the zona pellucida glycoproteins, ZP 3 , triggers the AR [3] . In other species, 1 Supported by the Israel Science Foundation, funded by the Academy of Sciences and Humanities, and by Ihel Foundation to H.B. activators such as progesterone [4] , atrial natriuretic peptide [5] , epidermal growth factor [6] , and ATP [7] are also AR inducers. However, the precise physiological role of these inducers remains unknown.
Extracellular ATP (ATPe) has a profound effect on cell responses [8, 9] . Receptors for ATP (P 2 purinergic receptors) have been cloned and classified into two main subtypes according to their distinct pharmacological potency and their mode of action in transducing signals. The classification is based on studies showing that ATP can activate either G protein-coupled receptors [10] or ligand-gated ion channels [11, 12] . These two mechanisms are known to be involved in the cascade leading to sperm acrosomal exocytosis [13] . The cascade of ATP-induced exocytosis in other cells involves Ca 2ϩ influx, hydrolysis of inositol phospholipids [14] , and triggering of intracellular second messengers leading to exocytosis [15] . Extracellular ATP is also a potent activator of acrosomal exocytosis in human spermatozoa [7] .
Foresta et al. [16] suggested that ATP-induced acrosomal exocytosis involves Na ϩ influx, but not Ca 2ϩ influx [16] . However, the mode of action remains unknown. Adenosine triphosphate is present in the female reproductive tract and increases in concentration at the time of ovulation, although its precise concentration is not known [17] . Thus, it may have a physiological role in fertilization. In this report, we provide evidence that ATP can regulate acrosomal exocytosis via the P 2 purinoceptor in a mechanism that involves an increase of intracellular Ca 2ϩ levels and activation of protein kinase (PK) C␣.
MATERIALS AND METHODS

Sperm Preparation
Fresh ejaculated bovine sperm were collected in an artificial vagina and diluted (1:1, v:v) in NKM medium (pH 7.4), which consisted of 110 mM NaCl, 5 mM KCl, and 10 mM MOPS (3-[N-morpholino] propane sulfonic acid). The cells were washed three times by centrifugation (780 ϫ g, 10 min), and the final pellet was resuspended in NKM medium to a concentration of 1-3 ϫ 10 9 cells/ml. Only those samples exhibiting a minimum of 70% motile spermatozoa were used.
Capacitation and AR Evaluation
In vitro capacitation was accomplished according to the method of Parrish et al. [18] . Briefly, washed sperm cells (10 8 cells/ml) were capacitated for 4 h at 37ЊC in glucose-free, modified Tyrode medium (m-TALP medium), which consisted of 100 mM NaCl, 3.1 mM KCl, 25 mM NaHCO 3 , 0.29 mM KH 2 PO 4 , 21.6 mM Na-lactate, 1.5 mM MgCl 2 , 2.0 mM CaCl 2 , 0.1 mM sodium pyruvate, 20 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (pH 7.4), 10 IU/ml of penicillin, 3 mg/ml of BSA (fraction V), and 10 g/ml of heparin. The AR was evaluated in capacitated sperm (10 8 cells/ml) that were incubated for an additional 20 min in the presence of various inducers. The inhibitors reactive-blue 2 and pyridoxal-phosphate-6-azophenyl-2Ј4Ј-disulphonic acid tetrasodium (PPADS) as well as the ATP analogues used were purchased from RBI (Natic, MA). The PKC inhibitor GF (bisindolylmaleimide I) and the PKA inhibitor RPcAMPS (RP-isomer of cAMPS) were purchased from Calbiochem (San Diego, CA) and Sigma (St. Louis, MO), respectively. The Ca 2ϩ -free media contained 0.5 mM EGTA.
FIG. 1. Effect of ATP on acrosome reaction in capacitated bovine spermatozoa. Bovine sperm (10 8 cells/ml) were capacitated for 4 h in m-TALP medium containing 20 g/ml of heparin and 2 mM CaCl 2 , followed by 20 min of incubation in the presence of increased concentrations of ATP. A) Activity of released acrosin from cells as a measure for acrosomal exocytosis. B) Percentage of acrosomal-reacted cells as determined by staining with PSA. Values are mean Ϯ SEM of duplicate determinations from at least three independent experiments. Significant difference from control: #, P Ͻ 0.0001; *, P Ͻ 0.005.
FIG. 2.
Acrosomal exocytosis induction by various nucleotides. Capacitated bovine sperm were incubated for 20 min in the presence of 1.0 mM of the various nucleotides (see Fig. 1 ). Acrosomal exocytosis was determined by following the activity of acrosin released from the cells. Measurements of acrosin activity in the absence of each nucleotide were subtracted from each point. Values are mean Ϯ SEM of duplicate determinations from three independent experiments.
At the end of the incubation period, cells were pelleted by centrifugation (12 930 ϫ g for 5 min), and occurrence of the AR was determined by measuring the activity of acrosin released into the supernatant fluid as previously described in ram and bovine spermatozoa [19] [20] [21] . Briefly, the supernatant fluid was adjusted to pH 3.0 with 3 M HCl, and the acrosin activity was measured by esterolytic assay using benzoylarginine ethyl ester as substrate. The increase was recorded in A 259 with time. The molar absorption coefficient was taken as 1150. We then subtracted the spontaneous acrosin release from each value obtained. To be sure that acrosin activity itself is not affected by the various agonists or antagonists, their effect on acrosin activity was tested directly, and no such effect was evident in the described experiments. Occurrence of the AR was determined using two methods: first, assay of the release of acrosin from acrosomereacted cells [20] ; and second, staining of cells by Pisum sativum agglutinin (PSA), whereby intact cells are stained and acrosome-reacted cells are not [22] .
Staining with PSA was performed using a modification of the method described by Mendoza et al. [22] . Samples of cells treated to induce the AR were smeared on microscope slides. After air-drying, sperm smears were dipped in absolute methanol for 30 sec and allowed to dry rapidly. Methanol-fixed smears were incubated with blocking solution (PBS containing 1% [w/v] BSA) for 10 min, then with biotin-conjugated PSA (50 g/ml) in PBS containing 1% BSA for 30 min, and finally with peroxidase-conjugated extravidin (1:400) for 10 min. All incubations were performed in a humid chamber. The slides were washed between incubations by dipping in PBS for 5 min. The substrate (aminoethyl carbazole from Histostain-SP kit; Zymed Laboratories, South San Francisco, CA) was then added for 10 min; this was followed by washing with distilled water. Hematoxylin was usually used for counterstaining (3 min). The slides were mounted with GVA mounting medium (Zymed) and examined under a bright-field microscope. Cells with red staining over the acrosomal cap were considered to be acrosome intact, and cells with equatorial red staining or no staining at all were considered to be acrosome reacted. Two hundred cells were counted per slide. Occurrence of the AR was also confirmed by observing thin sections of spermatozoa in the transmission electron microscope [20] .
Determination of Intracellular Calcium
The spatial distribution of intracellular calcium was determined using a fluorescence-microscopy imaging system as recently described [21, 23] . Capacitated sperm cells were incubated on 25-mm glass coverslips (covered with poly-L-lysine) with Fluo-3 AM (2 M) and pluronic acid (1.5 M) for 2 h in m-TALP at 37ЊC in 5% CO 2 . After incubation, each dish was rinsed twice with m-TALP, and the coverslip was placed in the microscope holder. Cells were covered with 1 ml of m-TALP. Intracellular calcium measurements were performed using a fluorescence-microscopic system consisting of an inverted epifluorescence microscope (Axiovert 135M; Zeiss, Oberkochen, Germany), an intensified charge-coupled device C2400 camera (Hamamatsu, Hamamatsu City, Japan), and frame-grabbing software (Galai, Migdal-Haemek, Israel). A 75-W xenon lamp served as the source for excitation. A 510 long-pass emission filter was used to select fluorescence emission. The first pictures were taken to estimate basal levels of fluorescence. Afterward, ATP was added, and the fluorescence was measured every 30 sec for 10 min. Analysis of intracellular calcium levels was performed employing Scan Array 2 software (Galai).
Calcium Uptake Measurements
Uptake of 45 Ca 2ϩ by the cells was determined using the filtration technique. Capacitated sperm cells (10 8 cells/ml) were incubated in the capacitation-medium m-TALP containing 2 mM CaCl 2 and 5 Ci 45 CaCl 2 . At appropriate time intervals, 0.1-ml samples were removed and immediately vacuum-filtered on glass fiber/C filters. The cells trapped on the filter were washed three times with an ice-cold solution composed of 150 mM NaCl, 10 mM Tris (pH 7.4), and 2 mM EGTA. The dry filters were counted for ␤-radioactivity.
cAMP Measurement
Capacitated cells (10 8 cells/ml) were incubated for the last 10 min of capacitation with 0.1 mM 3-isobutyl-L-methylxanthine (IBMX), and the inducers were added according to the assay. The reaction was stopped by boiling the samples for 10 min. Then, the samples were sonicated (three times for 10 sec at power setting 4 with a Vibra cell; Sonics & Materials, Inc., Danbury, CT) and centrifuged (10 000 ϫ g, 10 min, 4ЊC). The supernatant fluids were collected and frozen at Ϫ70ЊC. Cellular cAMP was determined by radioimmunoassay using acetylated cAMP [24] . Rabbit anti-ScAMP (generous gift from Dr. D.C. Klein, NIH/NICHD, Bethesda, MD), iodinated cAMP, standards, and samples were mixed with 50 mM FIG. 3 . Effect of purinoceptor antagonists on ATP-induced acrosomal exocytosis. Capacitated bovine sperm were incubated for 10 min in the presence of the P 2y -antagonist reactive-blue 2 (RB; 100 M) or the P 2x -antagonist PPADS (100 M). Then, ATP (1.0 mM) was added for an additional 20 min of incubation. Acrosomal exocytosis was determined by following the activity of acrosin released from the cells. Values are mean Ϯ SEM of duplicate determinations from three independent experiments. Significant difference from control: #, P Ͻ 0.0001. sodium acetate buffer (pH 6.0) and incubated for 18-24 h at 4ЊC. Free iodine and unbound, iodinated cAMP were precipitated by adding dextrancoated charcoal. Tubes were centrifuged (2000 ϫ g, 20 min, 4ЊC), and radioactivity was counted in the supernatant fluid.
Subcellular Fractionation
Sperm cells were fractionated into separate cytosol, membranes, and particulate fraction proteins. The cells (1.5 ϫ 10 9 ) were resuspended in 20 mM Tris-HCl (pH 7.5), 0.25 M sucrose, 2 mM EGTA, 2 mM EDTA, 1 mM benzamidine, 1 mM Na 3 VO 4 , 10% glycerol, 25 g/ml of leupeptin, 4 g/ml of aprotinin, and 1 mM PMSF (homogenization buffer) and then sonicated (three 10-sec pulses; power setting 4) with a Vibra cell. The homogenate was centrifuged for 10 min at 10 000 ϫ g to pellet the particulate fraction containing the head and tail fragments. The resulting supernatant was centrifuged at 100 000 ϫ g (60 min, 4ЊC) to recover the cytosolic fraction (supernatant) and the membrane fraction (pellet). The cytosolic fraction was concentrated to at least one-tenth the original volume using a microconcentrator 30 (Amicon, Lexington, MA). The membrane fraction was resuspended in the homogenization buffer supplemented with 0.6% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate [25] . The particulate fraction was solubilized with SDS-lysis buffer. The protein concentrations of the cytosolic and membrane fractions were determined according to the method of Bradford [26] using Bio-Rad (Richmond, CA) reagents. For immunoblot analysis, the cell lysates were boiled for 5 min in SDS-PAGE sample buffer [27] and separated on a 7.5% SDS-polyacrylamide gel.
Immunoblot Analysis
For immunoblotting, proteins derived from equivalent cell numbers were separated on 7.5% SDS-polyacrylamide gels and then electrophoretically transferred to nitrocellulose membranes (200 mA, 1 h) using a buffer composed of 25 mM Tris (pH 8.2), 192 mM glycine, and 20% methanol. For Western blot analysis, nitrocellulose membranes were blocked with 5% BSA in Tris-buffered saline (pH 7.6) containing 0.1% Tween 20 (TBST) for 30 min at room temperature. The PKC␣ isoform was immunodetected using rabbit polyclonal anti-PKC␣ (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:1000 and incubated overnight at 4ЊC. Then, the membranes were washed three times with TBST and incubated for 1 h at room temperature with specific horseradish peroxidase-linked secondary antibody (Jackson Laboratories, West Grove, PA) diluted 1:10 000 in TBST. The membranes were washed three times with TBST and visualized by enhanced chemiluminescence (Amersham, Little Chalfont, UK). Specificity of the antibodies was determined by preabsorbing the antibodies with 10 g of their peptide antigens for 1 h before incubating the antibodies with the membrane.
Data Analysis
Results are shown as the mean Ϯ SEM. Statistical analyses were performed using the ANOVA test and t-test with multiple comparison. Statistical significance was as indicated in each figure legend.
RESULTS
Induction of AR by ATPe and Various Nucleotides
To study the effect of ATP on the AR, capacitated bovine sperm were triggered by different concentrations of ATP, and the AR was determined by two separate methods: first, by measuring the release of the trypsin-like acrosin from the cells (Fig. 1A) ; and second, by staining the cells with PSA (Fig. 1B) . The effect of ATPe on the AR could be observed only in capacitated cells at ATPe concentrations as low as 0.1 mM, whereas a maximal response was obtained at concentrations between 1 and 2.5 mM (Fig. 1A) . A very similar effect of ATPe on AR was obtained when Ca 2ϩ was omitted from the incubation medium (data not shown). At 1 mM ATPe, approximately 30% of the sperm underwent the AR, compared to the 15% AR that was observed in the absence of nucleotides (Fig. 1B) . No detectable change in sperm motility (65-75% motile cells) could be observed during the various treatments. The kinetics for ATPe-induced AR revealed maximal effect after 20 min of incubation (data not shown).
Several receptors for extracellular nucleotides are known, some of which bind ATP/ADP and are classified as P 2 purinoceptors and some of which recognize adenosine and are defined as P 1 purinoceptors [28, 29] . To find which of these receptors is involved in sperm activity, we examined the effect of various nucleotides, analogues, and inhibitors on bovine sperm AR. Our results demonstrate that the AR could be partially induced by ADP and AMP, whereas two other nucleotides, such as adenosine and 5Ј-N-ethylcarboxamidoadenosine (NECA), were slightly effective or completely ineffective, respectively (Fig. 2) . These results may suggest that the acrosomal exocytosis is mediated by a P 2 purinoceptor that responds primarily to ATP and ADP rather than by a P 1 receptor that responds to adenosine.
A large number of P 2 -receptor subtypes have been described and divided into two families, P 2x and P 2y , according to the relative potency of various nucleotide agonists and their mechanisms of action in signal transduction. To evaluate which family participates in bovine sperm cells, we used various ATP analogues known to interact with P 2 receptors. Our data shown in Figure 2 reveal that the AR is highly stimulated by the agonist 2-methylthio-ATP, which is considered to be a very efficient agonist for activating the subtype P 2y purinoceptor and very weak for the P 2x type [30] [31] [32] . In contrast, the ATP-analogues ␣,␤-methylene-ATP and ␤,␥-methylene-ATP, which are more potent agonists for the P 2x purinoceptor [33, 34] , did not induce the AR (Fig. 2) . The P 2y family is composed of seven subfamilies, including receptor types P 2y1-7 [35] . The P 2y2 type, for example, is more specific for pyrimidine nucleotides, in which the order for activation is: uridine triphosphate (UTP) ϭ ATP k 2-methylthio-ATP [35] . Because purinergic receptors of the type P 2u , which are specific for UTP, have been identified in rat sperm [36] , we determined the effect of UTP on bovine sperm AR. As shown in Figure 2 , UTP (1.0 mM) stimulated the AR most prominently. Because ATP does not affect P 2u receptors, and both ATP and UTP similarly affect the P 2y2 type of receptors, it is suggested that ATP might affect the AR by activating P 2y receptors.
To further evaluate which of the purinoceptors are in- volved in AR, we used the antagonists reactive-blue 2, which in some cells showed higher specificity for inhibiting the P 2y purinoceptor [11] , and PPADS, which is considered to be more specific for the P 2x purinoceptor [37] . As shown in Figure 3 , an AR induced by ATP is 90% inhibited by reactive-blue 2, and no significant inhibition was seen with PPADS. Reactive-blue 2 did not affect AR induced by 12-O-tetradecanoyl phorbol-13-acetate (PMA) or by lysophosphatidic acid (data not shown). These results further indicate that ATP-induced ARs are mediated by the subtype P 2y purinoceptor.
ATPe Affects Intracellular Calcium
The preceding data show that ATP (1.0 mM) added to capacitated sperm stimulates the AR, probably by activating P 2y purinergic receptors. It is well accepted that AR depends on elevation of [Ca 2ϩ ] i [38] , and that P 2 receptors are active in regulating this activity [11, 12] . The effect of ATPe on the [Ca 2ϩ ] i was evaluated in Fluo-3 AM-loaded capacitated sperm using a fluorescence-microscopy imaging system (Fig. 4) . On addition of ATP (1.0 mM) to the cell suspension, 30% of the sperm cells showed a rapid, significant increase in [Ca 2ϩ ] i , mainly in the heads. In 50% of the responding cells, an elevation of [Ca 2ϩ ] i appeared within 30 sec of ATP application, peaked within 1 min, and then decreased. In the other responding cells, the transient response was slower, and the time from initiation to peak was 60-90 sec.
Moreover, ATPe significantly stimulated 45 Ca 2ϩ uptake by the sperm in a dose-dependent manner, with a range between 0.05 and 1.0 mM (Fig. 5) . This ATP-dose response was similar to the ATP effect observed for the AR (Fig. 1) . To further characterize the purinoceptor involved in this Ca 2ϩ uptake, the response to the ATP-analogues 2-methylthio-ATP and ␤,␥-methylene-ATP were also measured (Fig. 6) . As shown, the time curve for 2-methylthio-ATP stimulated Ca 2ϩ uptake is similar to ATP, whereas ␤,␥-methylene-ATP had no agonistic effect. The maximal enhancement of Ca 2ϩ uptake by ATP precedes the occurrence of AR. These results further support our notion regarding involvement of the P 2y purinoceptor in sperm-Ca 2ϩ transport that leads to acrosomal exocytosis.
Effect of ATPe on Intracellular cAMP Levels
The P 2y purinoceptor is characterized as a G proteincoupled receptor that is involved in the activation of phospholipase C (PLC) and the mobilization of intracellular Ca 2ϩ [39] . It is well known that G proteins are involved in the regulation of adenylyl cyclase activity and, therefore, influence the intracellular levels of cAMP. Current evidence suggests that cAMP is an important factor in sperm AR [40, 41] , but the mechanism regulating sperm adenylyl cyclase is not yet understood. The possible involvement of the P 2y purinoceptor in ATP-induced sperm AR and in [Ca 2ϩ ] i elevation encouraged us to examine the effect of ATP on sperm cAMP levels. We demonstrated that, in the absence of extracellular Ca 2ϩ , ATP (1.0 mM) enhances the level of intracellular cAMP by 2.6-fold (Fig. 7) . This effect of ATP was further enhanced (up to 4.5-fold) by supplementing Ca 2ϩ into the incubation medium (Fig. 7) , and prominent levels of cAMP (an 11-fold increase) were found when the Ca 2ϩ -ionophore A23187 was added to the cells (Fig. 8A) . These data clearly demonstrate that ATPe can stimulate cAMP production, and this effect is amplified by elevating the [Ca 2ϩ ] i . Moreover, because the Ca 2ϩ -ionophore A23187 is a common pharmacological inducer of the AR, we examined its effect on the ATP-induced AR. Indeed, addition of the ionophore additively enhanced the ATP-induced exocytosis (Fig. 8B) .
Involvement of PKC␣ in ATP-Induced AR
In our recent publications, we showed that the Ca 2ϩ -dependent PKC␣ isoform is involved in the mechanism of bovine sperm AR [42, 43] . The involvement of the P 2y receptor suggests that the activation of PLC results in the hydrolysis of phosphatidyl inositol to produce diacylglycerol (DAG) and inositol 1,4,5-tris-phosphate (IP 3 ). Production of DAG, a known activator of PKC, and of IP 3 , which activates intracellular Ca 2ϩ channels to mobilize Ca 2ϩ , would cause the activation of Ca 2ϩ -dependent PKC (cPKC) isoforms to initiate the AR. It was previously demonstrated that PKC, on activation, translocates from the cytosol to the cell membrane; thus, translocation may serve as an indicator of PKC activation [44] . Here, we followed the translocation of PKC␣ from the cytoplasm to the cell plasma membrane in ATP-treated bovine sperm. The sperm cells were fractionated into three fractions: cytosol, plasma membrane, and particulate fractions (see Materials and Methods). As shown in Figure 9 , PKC␣ is localized in the cytosolic fraction only in unstimulated cells, and a fraction of the PKC␣ was translocated to the membrane fraction in response to ATP (1.0 mM, 10 min). The phorbol ester PMA, a known activator of PKC, also activated the translocation of PKC␣ to the membrane fraction. Furthermore, we demonstrated approximately 70% inhibition of ATPstimulated AR by the specific PKC-inhibitor bisindolylmaleimide (GF), but no inhibition was seen with the PKAinhibitor RPcAMPS (Fig. 10) . These data suggest that PKC, but probably not PKA, is involved in ATP-induced sperm AR.
DISCUSSION
Molecular cloning and characterization of ATP receptors has provided strong proof for some pharmacological and physiological data suggesting that ATP, and possibly other nucleotides, play important roles as extracellular messengers. In the present report, we describe the role of ATPe in triggering bovine sperm acrosomal exocytosis in capacitated cells, which is an essential step in the fertilization process. Within this framework, three major findings are reported. First, bovine sperm cells express the P 2y purinergic receptor. Second, extracellular nucleotides elevate [Ca 2ϩ ] i and cAMP levels. Third, the receptor is coupled to intracellular signaling pathways leading to AR.
It is well established that the two types of purinergic receptors, P 1 and P 2 , are responsive to adenosine and ATP, respectively [35] . The presence of stimulatory A 2 adenosine receptors on mouse spermatozoa was shown during the initial stages of capacitation [45] . Furthermore, the addition of exogenous adenosine analogues, including NECA, accelerated mouse sperm capacitation with an even greater sensitivity than that to adenosine, which is consistent with the action at A 2 receptors during capacitation [46] . Adenosine receptors present in bovine and human sperm are also involved in capacitation and not in AR [47, 48] .
In the present study, we tested the effect of ATP and adenosine on bovine sperm AR. As an activator, ATP (1 mM) was sixfold more potent than adenosine. Thus, the data suggest that P 2 purinoceptors, rather than P 1 receptors, are involved in the bovine sperm AR. Similar conclusions were demonstrated in a previous study, in which the occurrence of human sperm AR was fully stimulated in the presence of the nonhydrolyzable ATP-analogue AMP-PNP, suggesting that ATP hydrolysis is not necessary and that P 1 receptors are not involved during the AR [7] .
To characterize the receptor in the present study, various P 2 -receptor agonists were determined based on their ability to induce acrosomal exocytosis and to increase Ca 2ϩ uptake. Acrosomal exocytosis is a Ca 2ϩ -dependent process that occurs following the induced elevation of [Ca 2ϩ ] i after the sperm binds to the zona pellucida of the egg [49] .
The similarities between nucleotide-induced AR and induced Ca 2ϩ uptake by the cells strongly suggest that the purinoceptors described are involved in the two processes. The correlation between the two is based on three observations. First, the ATP-dose response for inducing AR is very similar to that of Ca 2ϩ uptake. Second, the ATP-analogue 2-methylthio-ATP stimulates AR and Ca 2ϩ uptake, whereas ␤,␥-methylene-ATP seems to have no effect on either process. Third, the maximal enhanced effect of ATP or 2-methylthio-ATP on Ca 2ϩ uptake is seen after 15 min of incubation, indicating that this phenomenon precedes the AR, which shows maximal effect after 20 min of incubation. The agonist 2-methylthio-ATP, a potent activator of the P 2y receptor subtype, showed a high activation of bovine sperm AR as well as Ca 2ϩ uptake by the cells (Figs.  2 and 6) . Moreover, the agonist ␤,␥-methylene-ATP, which is a potent activator of the P 2x receptor, was not active in either the acrosomal exocytosis or the Ca 2ϩ uptake (Figs. 2  and 6 ). Furthermore, we showed that UTP and ADP, both of which are activators of P 2y receptors, cause high stimulation of the AR. These findings suggest that the purinoceptor involved in sperm AR is of the P 2y subtype.
The involvement of P 2y receptors was further clarified using specific inhibitors. The ATP-induced acrosomal exocytosis was inhibited by reactive-blue 2, an inhibitor for P 2y receptors. Moreover, no inhibition was achieved by PPADS, which is considered to be more specific for P 2x receptors (Fig. 3) . Conversely, Foresta et al. [7] have suggested that the purinergic receptor in human sperm is of the P 2x and not P 2y type, because P 2y is usually linked to intracellular Ca 2ϩ release, which they could not detect. Nevertheless, we have found that ATP can evoke the AR in the absence of added extracellular Ca 2ϩ , similar to results accepted by Foresta et al. Because the AR depends on elevation of the [Ca 2ϩ ] i [49] , we assume that, in the absence of extracellular Ca 2ϩ , intracellular Ca 2ϩ mobilization occurs, which is needed for acrosomal exocytosis [50] . We show here that ATPe induces elevation of [Ca 2ϩ ] i , but only when Ca 2ϩ is present in the incubation medium (Fig. 4) . It is possible that ATPe induces intracellular Ca 2ϩ mobilization, resulting in the operation of a plasma membrane-capacitative, Ca 2ϩ -entry mechanism, also known as a storeoperated Ca 2ϩ channel (SOC) [51] . This Ca 2ϩ -entry mechanism, which is involved in the cascade, leads to AR [21, 52] .
Regarding Ca 2ϩ mobilization, to the best of our knowledge, no published information shows this phenomenon in spermatozoa. However, several publications have shown that the acrosomal membrane contains IP 3 receptor, suggesting that Ca 2ϩ can be mobilized from the acrosome to the cytoplasm [21, 53] . We recently showed the activation of capacitative Ca 2ϩ -entry activity in bovine sperm by inhibiting intracellular Ca 2ϩ -ATPase using thapsigargin [21] . Entry of Ca 2ϩ via SOC in mouse sperm is initiated by the ZP 3 glycoprotein in the egg [52] . This suggests that Ca 2ϩ mobilization does occur in the sperm cell, but for unknown reasons, neither we nor others have found evidence of Ca 2ϩ mobilization, meaning an increase in [Ca 2ϩ ] i in a Ca 2ϩ -deficient medium.
Electrophysiological studies have shown that P 2x receptors mediate responses via the opening of intrinsic cationselective channels [54] , and that P 2y receptors are involved in the activation of PLC and in the mobilization of intracellular calcium [11] . It is known that PLC is involved in acrosomal exocytosis [55] . The possible activation of PLC by a ATP-P 2y receptor interaction will result in an increase in [Ca 2ϩ ] i and DAG, two factors necessary for the activation of cPKC. Our data, which show an increase in [Ca 2ϩ ] i and activation of PKC␣ by ATPe, probably via the activation of PLC, further support our notion regarding the involvement of P 2y receptors in ATPe-induced AR. Activation of PKC by ATPe was also found in CHO cells [56] . In recent papers, we showed that one of the cPKC isoforms, PKC␣, is involved in the bovine sperm AR [42, 43] . Here, we provide further support for this notion by showing that ATPe activates PKC␣, and that the AR induced by ATPe is inhibited by a PKC-specific inhibitor.
It is possible that the increase in Ca 2ϩ uptake induced by ATP (Figs. 7 and 8 ) may be due to the opening of a plasma membrane ligand-gated channel of the P 2x subtype. Nevertheless, that the Ca 2ϩ uptake is enhanced by 2-methylthio-ATP and not by ␤,␥-methylene-ATP and the transient change in [Ca 2ϩ ] i is induced by ATP (Fig. 6 ) strongly argue against P 2x being the ATP receptor involved in Ca 2ϩ influx.
In our previous study, we showed that cAMP can activate Ca 2ϩ channels in outer acrosomal membranes [57] and the present data demonstrate the stimulation of cAMP production by ATPe (Fig. 9) . Thus, ATPe activates the cAMPdependent Ca 2ϩ channel in the outer acrosomal membrane to mobilize Ca 2ϩ from the acrosome to the cytoplasm. If this is the case, then the purinoceptor involved in the AR of bovine sperm has more of a resemblance to the P 2y subtype. We showed here that ATPe stimulates cAMP production by the cells, with an additional major enhancement seen when Ca 2ϩ and the Ca 2ϩ ionophore are also present in the incubation medium (Fig. 10) . Although an increase in the intracellular Ca 2ϩ by the Ca 2ϩ ionophore in the absence of ATPe caused a significant increase in AR, no increase in cAMP was seen under these conditions, indicating the importance of ATPe in this process. Thus, when [Ca 2ϩ ] i is increased artificially by the Ca 2ϩ ionophore, cellular cAMP need not be increased to induce the AR. These data indicate that cAMP may be involved in elevating the level of [Ca 2ϩ ] i needed for AR, as suggested by us previously [57] .
The additive effect of ATP and the Ca 2ϩ ionophore on AR and cAMP levels ( Fig. 10) suggest that cAMP itself might be important in other steps leading to AR in addition to its effect of increasing [Ca 2ϩ ] i . It was suggested that cAMP is involved in acrosomal exocytosis [58] , but how its biosynthesis by adenylyl cyclase is regulated remains unclear. Solubilized ZP from mouse eggs caused an elevation in sperm cAMP that is dependent on the presence of extracellular Ca 2ϩ [41] . This ZP-induced cAMP increase appears to be mediated by the activation of sperm membrane-bound adenylyl cyclase [59] . Thus, it is possible that, under physiological conditions in the female reproductive tract, ATPe might ensure occurrence of the AR after the sperm-ZP interaction. Because cAMP-dependent PKA is an important regulator of sperm capacitation [60] and does not involve ATPe-induced AR (Fig. 10) , it is possible that ATP in the female reproductive tract physiologically induces cAMP elevation during capacitation. This point should be clarified in the future.
Taken together, the data presented here suggest the following sequence of events in the mechanism of ATPe-induced acrosomal exocytosis: ATP activates the P 2y receptor, which leads to an elevation in [Ca 2ϩ ] i and to activation of PKC␣, which phosphorylates proteins participating in the cascade leading to the AR.
